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The Gomb ldea

Counting oscillations of light waves!
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532 nm or 560 THz f= C/)\.

560 000 000 000 000 oscillations per second




Pulsed Laser = Comhb Generator
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Frequency Gomhs
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Fourier
transformation

Paradigm shift!
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MPQ 1998
PRL 82, 3568 (1999)
OL 24, 881 (1999) Average: 0.054+ 0111 mHz
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From first tests to an established technique in just one decade!!
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self Referenced Laser Gomb
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JILA, MPQ 2000
PRL 84, 5102 (2000)
PRL 85, 2264 (2000)
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MPQ 2000
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fiher comb (2003]
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®  Sealed “Shoe box” design for 24/7 hands off operation
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Nobel Prize (2009)
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The Nobel Prize in Physics 2005

John L. Hall and Theodor W. Hansch

Jfor their contributions to the development of laser-
based precision spectroscopy, including the optical
frequency comb technique®

» Frequency Comb Technology gets
scientific crown
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Measuring the Frequency of Hydrogen with a Laser Comb

. Adjust the frequency of
the laser so that it exactly
matches the energy differ-
ence in the hydrogen atom.

Laser v

Take an extremely
stable laser and
divide the light
into two beams.

3 Measure the
frequency of the
light in the other laser
beam with an optical
frequency comb.

Hydrogen atom

Frequency comb




Menlo Systems (2001}

» Spin-off from the Max-Planck-Institute for Quantum
Optics (MPQ), founded in 2001.

* No outside financing (some BMBF money and customer
prepayment)

= As of today: 65 employees (1/3 with PhD)
= more than 100 combs installed
= 10t anniversary in May 2011

® Bootstrapping
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New Frequency Gombs

Comb
frequencies

FToroidal microresonator Mm/'

Driving laser

fr aa(c c
sene » ... from monolithic micro resonators

In cooperation with EPFL:
T. Herr, J. Riemensberger -( |)f\-

T. Kippenberg ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Funded by European Project FP 7, IAPP

T. J. Kippenberg, R. Holzwarth, S. A. Diddams, Science 2011
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Optical
Spectrum Analyzer
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Astronomical Precision Spectroscopy

Required precision

e Detection of extra solar Earths 2x1019 | ~5cm/s | ~100 kHz

* Acceleration of cosmic expansion 4x10" | ~1cm/s | ~20 kHz

» Calibration must be reproducible over years / decades!
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» Traditional calibration sources (e.g. Th-Ar spectral lamps)
achieve presently ~2x10-°, but have major drawbacks:

NOAO/IRAF @%ww.tuc.noac.edu Wed 15:34:48 07-May-2008

identify output78567 - Ap 1
— r al I Ip ThAr95004 z
5
5

Lines differ in intensity and so000 | | |
spacing :

40000

Fixed line positions

20000

Ar ions are sensible to
lamp pressure changes.

Lamp ages | | | | | |

6000 6010 6020 6030 6040 6050
Wavelength (engstroms)

Accuracy limited to ~10°

(45 MenloSystems
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* A specifically designed frequency comb overcomes all these

problems and has the potential for mm/sec precision!

0 Frequency comb

£ ‘l AN 44%%%‘ . Uniform mode spacing and
il K intensity

Fourier Tunable line positions
transformation

Reference to atomic clock:
‘ | ‘ | I I | ‘ ‘ I does not change with time

(T T Ll
- Accuracy limited to ~10-1°
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Gomb vs. Th Ar

Th-Ar lamp @ Frequency comb @
Lines differ in intensity and Uniform mode spacing and
spacing intensity

Fixed line positions

Tunable line positions

Ar ions are sensible to
lamp pressure changes.

Lamp ages

Reference to atomic clock:
does not change with time

Accuracy limited to ~10-°

Accuracy limited to ~10-1°

MenloSystems




Frequency Gomh Specs

Fs Lasers as comb generators
100 MHz to 1 GHz mode spacing
Most spectrographs: R = 20 000 to 100 000 or 5 GHz to 20 GHz

‘ needs filtering

Comb Accuracy:

relativ: 10-72to 10-'® from commercial clocks
absolut: 500 Hz to 0.5 Hz at 500THz (green)
In RV: 200 ym/sec to 200 nm/sec

A
1 m/s ~2 MHz ~ 0.002pm V= ]]: c=Af-A
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Astro comhb system overview

Yb-fiber oscillator
~
Amplification
~ - M
Mode filtering
(Fabry-Pérot cavities)

-
Amplification
Pulse compression & ’
frequency doubling o
-

Phase-stabilized Mm’h narrow-band, densely spaced, infrared

L

r narrow-band, widely spaced, infrared

narrow-band, widely spaced, green

.E'R_

Spectral broadening 4 m ‘\h\ broadband, widely spaced, visible
|

~ 3
Intensity flattening 4 W
I

T\\ broadband, widely spaced, visible, flat intensity

> A
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airy function first cavity
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Amplitude (dB)

Amplitude (dB)

Filtering the Comb
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frequency comb filtered with first cavity and twice with second cavity
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Measured side mode supression:
Single Pass: 42 dB
Double Pass: 80 dB
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Flattened Spectrum
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Beat measurement with 3 cavities:
— broadened comb (AA = 100 nm)
— f.ep=18 GHz

— Sidemode reamplification by 15 dB

40— |\ ————— | _
1 1 beat note:
'50'_ J cw vs. astro-comb
60 ] (frequency doubled)
0]
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S * i M1 ] wavelengthof cw: 50 dB suppression after
g - . ] ] "
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1 1 91Hz
-110 4 ]
-120—: O U N E ?\égrage: - maximum drift <1
30— \\ —— ————— seans cm/s
40 2210 2290
frequency (MHz) 5 kHz/ Div.
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Delivery Fiber Investigation

* Incoherent effect: pupil illumination MM fiber <

e Coherent effect: multi mode interference

A mode scrambler on _ mode scrambler off Corbett & Smith, Proc. of SPIE 6269
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Multimode fibers guide many (>10%) spatial modes.
The electric field’s center of gravity must be repeatable within 10~.

A varying occupation of the spatial modes induces line shifts.

Drift [m/s]

L] L4 *
g0 ° oo 4 . . L
* Ll Y
[ 14 Y —
= . . . ‘ -

| shakér on | | shaker offl . A C

L ]
-
.
N ° . . 1
L ]
. .

*

05:00 0515 0530 0545 06:00 06:15

Time [hours]

A mode scrambler (fiber shaker) must be implemented.
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Repeatability

+ T
: H

Acquisition
*

Pixel

The calibration’s repeatability is
determined by the standard
deviation of successive
measurements of the same line’s
position on the CCD.

Pixel

Absolute calibration

Frequency

The deviation of a model of the
pixel-to-frequency map from the

measured line positions
determines the calibration’s
absolute accuracy.

MenloSystems
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HARPS at the 3.6m La Silla Telescope

HARPS = High Accuracy Radial velocity Planetary Search

* Cross dispersed Echelle
* Grating 200 x 800 mm

* Wavelength Range: 378 -691 nm (68 orders)
* Resolution: 120000 (5 GHz @ 520 nm)
* Fibre fed (2 fibres)
* Invacuum, mK temp. stability
* Detectors: mosaic of 2 CCDs (2k x 4k)
e 15 um pixel size

* Actively cooled by cryostat

GmbH
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HARPS

Echelle Orders 1/
& CCD

Fiber
Shaker

Echelle Grating

" cw-Laser '—

‘ Wavemeter l

Wavelength range: 525 £ 5.5 nm (+ 50 nm)
Mode spacing: 14 -18 GHz
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pixel

Fit functions: %
350 — 450 individual Gaussiant

pixel
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Pixel to frequency map
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fitted peak position [pixel]
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1 pixel is approx. 2 GHz

150 -
linear fit
*  qudratic fit i
100 - +  cubic fit
/
50 - /

Residual
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0 50 100 150 200 250 300 350
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The hest Model?

10 ' r r
Separate the data in two Fitted dataset
— Test dataset
sets £ 8} Spline interpolation
) Linear Interpolation
S ) Photon Noise Limit
Fit on every second line g ©J)
2 .l
Test the performance 2 K
on the complementary g o —
lines

. . 2 4 6 8 10 12 14
Fit functions: polynomial order
8 piecewise polynomials

(4 MenloSystems
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Tuning the Comb
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Residual from frequency solution [m/s]

.

+

Residual 4th order fit
Residual 8th order fit + steps

Difference comb and ThAr calibration
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Galibration Repeatabhility

Apparent Drift (m/s)
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16:40
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SD: 6.7 cml/s
PNL: 6.4 cm/s

Photon noise limited

detection!
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Limit of Repeatability

2-sample deviation (cm/s)

LFC Series 1
® LFC Series 2
1+ ¢ Thorium lamp

Photon noise

05 1 L Ll 1 1 L0 el 1 1 ' A A
10° 10° 10" 10"

Accumulated photons
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Computed velocity difference (m/s)
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—— Channel A
—— Channel B

/L

| January 2011 I

Series 1

Series 2

GmbH

- | ’ Wk« Vol Y
n ey I W I

.mii-l» __.A.J & m R 4k 1

P g oM |

i Interating sphere CCD cooling off I

1 ‘ 1 1 / / 1 1 1
7/
0 200 400 600 800 1000 1200
Acquisition
\ MenloSystems



S

|

GmbH




T. Wilken
T. Steinmetz

R. Probst
Th. Udem
T.W. Hansch

+I%S+
+

A. Manescau,
G. Lo Curto
L. Pasquini

C.Lovis

SW] N CENTRE FOR
ASTROPHYSICS AND
SUPERCOMPUTING
-NE»

M. Murphy

W. Schmidt
T. Kentischer
H. Dorr




Z
@)
%
T
T
Q
-
Ll
T
T
Z
e
>
T
L
=
7p)
S
9
2
>
%)
9o
C
@
=




